Drops of nitrobenzene and 1,2-dichloroethane with 0.1 M decamethylferrocene (dmfc) are attached to the surface of a paraffin-impregnated graphite electrode and immersed into various aqueous electrolytes. The oxidation of dmfc and the reduction of dmfc + cation are enabled by simultaneous transfers of anions between the aqueous electrolyte and the organic solvents. Square-wave voltammetry of this reaction is reported. A linear relationship was observed between the peak potentials of dmfc and the standard Galvani potential differences of the anions. The influence of the anion concentration on this relation is explained.
Electrode reactions of microparticles of some insoluble inorganic and organic solid compounds immobilized on the graphite and immersed in an electrolyte solution can be explained by coupled transfer of electrons and ions from the three-phase interface to the bulk of microparticle [1] [2] [3] [4] [5] [6] . Electrons are exchange at the particle/graphite interface, while ions enter through the electrolyte/particle interface. Hence, the reaction starts at the junction of these two interfaces [7] [8] [9] . A well-defined three-phase boundary model was formed by attaching a droplet of nitrobenzene to the paraffinimpregnated graphite electrode (PIGE) immersed it into an aqueous electrolyte solution 10 . A decamethylferrocene (dmfc) was dissolved in nitrobenzene, but no supporting electrolyte was added to this solution. Upon anodic polarization of the PIGE, dmfc was oxidized in the nitrobenzene phase (nb) at the three-phase junction while simultaneously anions of the aqueous electrolyte (w) were transferred across the water/nitrobenzene interface: (1)
The advantage of this experiment is the fact that the Gibbs energies of transfer of many cations and anions across the interface between two immiscible electrolyte solutions are known from independent studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Ion and electron transfers across the interface between immiscible electrolyte solutions and accompanying phenomena, such as the association of ions across the interface, specific adsorption at the interface and the formation of self-assembled monomolecular films, are studied extensively. These phenomena have an importance for determination of thermodynamic variables for solvent extractions and two-phase coupling reactions in the organic synthesis using the reverse phase-transfer catalysis, further for analysis of microscopic structure and dynamics of liquid/liquid interfaces, for the development of models of biological membranes, propagation of bioelectrochemical signals, cell respiration and photosynthesis 11, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Experiments with dmfc in nitrobenzene are partly related to this research area offering an access to the ion transfer energy data. It was demonstrated that the mid-potential of cyclic voltammograms depends linearly on the standard Galvani potential differences of transfer of anions between water and nitrobenzene. This was used to estimate the standard Gibbs energy of transfer of acetate and sulfate anions 35 . In this preliminary communication, application of the square-wave voltammetry to the electrode reaction at the three-phase boundary is reported.
EXPERIMENTAL
Decamethylferrocene (Fluka, Germany) was dissolved in nitrobenzene and 1,2-dichloroethane in a concentration of 0.1 mol l -1 . Aqueous electrolytes were prepared from analytical grade potassium and sodium salts. A drop of dmfc solution (2 µl) was attached to a paraffin-impregnated graphite electrode with an Eppendorf pipette. The drop covered about one half of the PIGE surface. The preparation of PIGE has been described previously 1 . Organic solvents were saturated with water and aqueous electrolytes were saturated with organic solvents. Deoxygenation of electrolyte solutions was achieved by purging with high-purity nitrogen for 20 min prior to experiments. A nitrogen protective atmosphere was maintained thereafter. Square-wave voltammetry was performed by using a computer-controlled electrochemical measuring station Autolab (Eco-Chemie, Utrecht, Netherlands 
435

→ ←
KCl reference electrode (E = 0.208 V vs SHE) and a platinum wire auxiliary electrode was used.
RESULTS AND DISCUSSION
Square-wave voltammograms of dmfc in both nitrobenzene and 1,2-dichloroethane are well developed in the presence of all investigated anions of aqueous electrolytes. Typical examples are shown in Figs 1 and 2 . The forward (oxidative) and the backward (reductive) components of the response are characteristic of reversible or quasi-reversible redox reactions 36 . In nitrobenzene, the ratio of the oxidation and reduction peak currents is 1.8 and the separation between the peak potentials of these components is 20 mV. The peak potentials of the net response are directly proportional to the standard Galvani potential differences of anions in aqueous electrolytes as shown in Fig. 3 . The ion transfer potentials are compiled from the literature [12] [13] [14] [15] . This result is in agreement with the relationship found in cyclic voltammetry 10 . It shows that the electrode reaction of dmfc in nitrobenzene is correctly interpreted by Eq. (1) and the cation dmfc + is not transferred into water under these experimental conditions. The latter conclusion is supported by the report of Zhang et al. 37 . If
*, the reversible chronoamperometric half-wave potential of reaction (1) -6 cm 2 /s (ref. 37 ). Previously, it was shown that the correlation of mid-peak potentials measured at lower scan rates with ∆ w nb X 0 ϕ -had the slope 0.9 ± 0.1 (refs 10, 35 ). The slope of the straight line in Fig. 3 is 0.85, which means that in nitrobenzene the square-wave peak potentials of dmfc are close to the reversible half-wave potentials.
The dependence of net square-wave peak-potentials of 0.1 M dmfc in nitrobenzene on the logarithm of aqueous electrolyte concentration is shown in Fig. 4 . The ratio of dimensionless oxidation and reduction peak currents changes from 2.0 for ρ = 0.1 to 1.8 for ρ = 1 and 1.7 for ρ ≥ 10. The separation between peak potentials of these components decreases from 20 mV for ρ = 1 to 10 mV for ρ ≥ 10 and ρ < 0.3. According to these criteria, the square-wave response shown in Fig. 1 can be characterized as almost reversible. 
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FIG. 7
The relationship between theoretical square-wave voltammetric peak potentials and the logarithm of the ratio ρ 
In the range -1 < log ρ < 1, the relationships are not linear. If 0 < log ρ < 1, the average slope is -0.068 V per decade of ρ and if -1 < log ρ < 0, the average slope is 0.070 V per decade of ρ. Hence, if the concentration of aqueous electrolyte is much higher than the concentration of dmfc, the net peak potentials depend on the concentrations of both reactants
This result is in agreement with the equations derived for cyclic voltammetry 10 and chronoamperometry 35 . It is also in qualitative agreement with experimental data shown in Fig. 4 .
Under the influence of electrode and ion transfer kinetics, the reduction component of the theoretical square-wave response diminishes. An example is shown in Fig. 8 minimum reduction current is 6.7, while the separation between corresponding peak potentials is 30 mV. Both the ratio of peak currents and the peak separation increase with diminishing the rate constant, until the minimum of the backward component vanishes. The kinetic parameters were varied in order to simulate the response shown in Fig. 2 . The peak currents ratio in this figure is 2.8, but the separation of peaks is as high as 76 mV. This indicates that the square-wave voltammetric response of dmfc in dichloroethane is kinetically controlled, but the mechanism of this reaction cannot be explained by a simple model developed in this paper.
It can be concluded that square-wave voltammetry can provide information about the kinetics of ion transfer across the water/organic solvent interface.
APPENDIX
In the case of local equilibrium at the three-phase junction (x = 0), the redox reaction (1) is defined by the Nernst equation
where E is the electrode potential, (a dmfc,nb ) x=0 and (a dmfc + ,nb ) x=0 are the activities of dmfc and dmfc + in nitrobenzene at the three-phase junction, respectively, ( ) a x X nb -=0 and (a X w -) x=0 are the activities of the anion X -in nitrobenzene and water, respectively, both at the three-phase junction, ∆ϕ ij is the liquid junction potential between the aqueous electrolyte and the reference electrode, I is current and R nb and R w are the resistances of nitrobenzene and the aqueous electrolyte, respectively. The meanings of other symbols were already explained. Assuming that the planar diffusion model can be used as a first approximation of the transport and that differences between diffusion coefficients can be neglected, the concentrations of reactants and products at the three-phase bounadry are given by integral equations 38 .They proposed that the active area of the drop is a narrow zone in the vicinity of the three-phase boundary.
The influence of electrode and ion transfer kinetics is simulated by the Butler-Volmer equation The kinetics of interfacial ion transfer was interpreted by several mechanisms 11 , but the Butler-Volmer equation is still widely used 39 . Integral equations (A1)-(A5) were solved by numerical integration method described previously 40 . The time increment was d = (50f) -1 .
